The TaO + molecular ion is proposed as a candidate system for detecting signatures of charge parity (CP) violating physics beyond the standard model of elementary particles. The electron electric dipole moment (EDM) effective electric field E eff = 20.2
INTRODUCTION
In the search for physics beyond the standard model (BSM) of elementary particles electric dipole moments (EDMs) of atomic and molecular systems are a powerful probe in the low-energy regime [1] . The corresponding spatial parity (P) and time-reversal (T ) non-conserving interactions may have multiple fundamental sources [2] [3] [4] and are themselves, assuming CPT -conservation, manifestations of charge-parity (CP) violation beyond that already incorporated into the SM [5] .
Due to the possibility of having different sources contribute to a P, T -odd effect in an atomicscale system, ideally multiple positive measurements on different systems with different dependency on underlying sources should be sought for [6, 7] . One way of making progress is, therefore, the investigation of new systems that display favorable physical properties in the search for EDMs.
Measurements and many-body calculations on electronically paramagnetic molecular systems with low-lying 3 ∆ 1 electronic states currently lead to strong constraints on the electron electric dipole moment, d e , and the scalar-pseudoscalar nucleon-electron coupling constant, C S [8] [9] [10] [11] . In addition, this kind of paramagnetic molecules also allows for constraining P, T -odd hadron physics, originating in the quantum chromodynamics (QCD) (CP)-violating parameterΘ [12] , EDMs of the u and d quarks, d u,d , and via chromo-EDMs,d u,d [13] . In this context, the interaction of a nuclear magnetic quadrupole moment (MQM) with electronic magnetic fields has been addressed for molecules containing strongly deformed thorium and tantalum nuclei [14] [15] [16] [17] .
In the present paper, the TaO + molecular ion is investigated with four-component relativistic all-electron methods including the effects of inter-electron correlations and proposed as a promising candidate system for measurement of an EDM or for further constraining (CP)-odd BSM parameters through an experimental null result. Molecular properties for low-lying electronic states as well as relevant P, T -odd interaction constants for the potential "science state", 3 ∆ 1 , are presented.
METHODS
The electron EDM interaction constant is evaluated as proposed in stratagem II of Lindroth et al. [18] as an effective one-electron operator via the squared electronic momentum operator,
with n the number of electrons and j an electron index, as described in greater detail in reference [19] . The EDM effective electric field is related to the electron EDM interaction constant
The ne-SPS interaction constant is defined and implemented [20] as
where G F is the Fermi constant, Z is the proton number and ρ K ( r j ) is the nuclear charge density at position r j , normalized to unity. The parallel magnetic hyperfine interaction constant is defined as follows:
where α is a vector of Dirac matrices and r iK is the position vector relative to nucleus K. Further details can be found in reference [11] . The nuclear MQM interaction constant has been implemented in reference [14] and can be written as
In this case, r k (j) denotes the k-th cartesian component of vector r for particle j (idem for α). Finally, the parallel component of the electronic G-tensor for a linear molecule is defined as
for the N -electron wavefunction Ψ Ω in irreducible representation Ω, withL ê n =L e ·n wheren is a unit vector along the molecular axis and g s = −g e = 2.00231930436182 is the free-electron g-factor [21] .
RESULTS

Technical details
A local version of the DIRAC15 program packages [22, 23] has been used for all presented calculations, extended to allow for the calculation of expectation values over the various reported property operators [11, 14, 19, 20] . In all calculations the speed of light was set to 137.0359998 a.u.
Fully uncontracted all-electron atomic Gaussian basis sets of triple-ζ quality were used for the description of electronic shells, in the case of tantalum Dyall's basis set [24, 25] and for oxygen the Dunning cc-pVTZ-DK set [26] . For tantalum valence-and core-correlating exponents were added, amounting to {30s, 24p, 15d, 11f, 3g, 1h} uncontracted functions. In electron-correlated calculations the virtual spinor space has been truncated at 30 a.u.
The two correlated wavefunction models used in the present work, for which the Dirac-Coulomb HamiltonianĤ
is diagonalized, are denoted MR +T 12 -CISD(N ), where α is a cartesian vector of Dirac matrices, V iA is the potential-energy operator for electron i in the electric field of nucleus A, 1 1 4 is a unit 4 × 4 matrix and V AB represents the potential energy due to the internuclear classical electrostatic repulsion of the clamped nuclei, and N is the number of explicitly correlated electrons. For the model MR +T 12 -CISD(10) the model parameter n = 3 is used in the present work. Details are to be found in reference [14] .
For the determination of the nuclear magnetic hyperfine coupling the tantalum isotope 181 Ta is used for which the nuclear magnetic moment is µ = 2.361µ N [27] . Its nuclear spin quantum number is I = 7/2.
Results and discussion
Energetics and spectroscopic properties
Important characteristics of the active set of molecular four-spinors are displayed in Table I . The large similarities with the isoelectronic TaN system [14] are not surprising, but a number of important differences require special attention.
The energy difference ε σ6s − ε δ 5d 3/2 = 0.014 E H (Kramers pairs 40 and 41) is significantly smaller than in TaN (0.031 E H ) and is a consequence of the increased nuclear charge on the neighboring light atom in TaO + : An electron in a more diffuse Ta-localized 5d 3/2 (or likewise 5d 5/2 ) state experiences a greater stabilisation due the higher mean electrostatic potential than an electron in a more compact Ta-localized 6s 1/2 state, leading to a differential energy shift of −0.017 E H ≈ −3730 cm −1 . This relative stabilization of the Ta(5d) spinors in TaO + is largely responsible for the change of electronic ground state compared to TaN, since the relative valence spinor occupation between the two states ( 1 Σ + 0 and 3 ∆ 1 ) predominantly corresponds to a transition σ Also in contrast to TaN (8% contribution) [14] and the corresponding spinor in the YbF molecule (13%) [28] a p-wave contribution to the valence σ 6s 1/2 spinor is quite small (≈ 3%) in the TaO + system. The fractionally occupied σ 6s 1/2 spinor is more strongly stabilized by an increase of nuclear charge on the neighboring atom than the virtual σ 6p 1/2 spinor (Kramers pair 43). As a consequence, the energy gap is increased and mixing of s-and p-waves reduced in TaO + . This fact has implications for the size of P, T -odd matrix elements in the 3 ∆ 1 state and will be discussed in a following subsection.
Important information for experimentally preparing the system in the science state is given by the molecular constants, transition energies, and transition dipole moments for an ensemble of energetically low-lying electronic states. The seven lowest electronic states have been addressed in this work. An analysis of the corresponding CI wavefunctions and results for spectroscopic constants of these states are shown in Table II . Corresponding potential-energy curves are displayed in Fig. 1 .
It is firmly established that 3 ∆ 1 (σ ] is much too large to leave doubt about the principal state ordering. As a further confirmation of the above-discussed effect that leads to this state ordering, the spin-orbit splitting within the 3 ∆ multiplet is here about 20% larger than in TaN, which is again due to the increased nuclear charge on the neighboring light atom.
P, T -Odd Properties, Hyperfine Interaction and G-Tensor
Since TaO
+ is an electronically paramagnetic system, the dominant sources of a potential P, Todd effect are leptonic and semi-leptonic [2] . Among these, the pseudoscalar-scalar (PSS) and tensor-pseudotensor (TPT) contributions to the molecular EDM are estimated to be at least three orders of magnitude smaller than the ne-SPS contribution for many underlying models of (CP)- av. 4c-DCHF
violation [29] , leaving the electron EDM and ne-SPS interaction as the main contributors. At the calculated equilibrium internuclear distance and the best level of theory, the effective electric field for TaO
+ is E eff = 20.2 GV cm (see Table III ) which is about 45% smaller than the value for TaN [14, 15] . The reason for this is the smaller p-wave contribution to the valence σ 6s 1/2 spinor in TaO + , leading to a smaller P-odd matrix element. E eff for TaO + is about 27% of the value in the corresponding state for thorium monoxide [9, 10] which currently yields the strongest constraints on underlying BSM parameters [8] . The ne-SPS interaction constant in Table III is W S = 17.7 [kHz], again about 45% smaller than the value for TaN which confirms internal consistency of the acquired results.
However, the two corresponding interaction constants W d and W S should be considered jointly when bounds on underlying (CP)-odd parameters are to be extracted [30] . Interestingly, the ratio
e cm found in the present work differs strongly from the respective ratios for the e cm . With the present dominant sources the P, T -odd energy shift is written as
where n is the unit vector along the molecular axis and the external electric field is assumed to be along the z axis in the laboratory frame. The parameter W c is related to W S as W c = A 2Z W S , where A is the nucleon and Z is the proton number [31] . This means that an accurate measurement of an upper bound to ∆ε P,T (TaO + ) in combination with the present values for the interaction constants W d and W S and the corresponding data for the ThO system would lead to stronger constraints on the BSM parameters d e and C S .
The nuclear MQM interaction constant W M = 0.45 [ Table III is about 40% smaller than the one for the isoelectronic TaN system [14] , but still sizeable. In combination with an accurate measurement of a P, T -odd energy shift in the molecular ion it could be used to constrain nuclear (CP)-odd BSM parameters. Following the calculations in Ref. [16] the expected energy shift in 181 TaO + due to |W M M |, where M is the nuclear magnetic quadrupole moment, is < 150 µHz with respect to the proton EDM, |d p |, as an underlying source. Correspondingly, taking the limits on the QCD (CP)-violating parameter |Θ| and the difference of the quark chromoEDMs, |d u −d d |, the shifts |W M M | correspond to < 70 µHz and < 100 µHz, respectively. Given that the current uncertainty on the P, T -odd energy shift of 800µHz in ThO could ultimately be improved by two orders of magnitude [8, 32] , an experiment of similar accuracy on TaO + would probe (CP)-violating physics in the hadron sector.
The parallel component of the G-tensor in the 3 ∆ 1 state of TaO + , G || = 0.0032 a.u., is very small, even for a 3 ∆ molecule in the Ω = 1 state, and has about the same size as G || in ThO ( 3 ∆ 1 ) [33] ; the experimental value is g H = 0.0044 a.u. [34] . For comparison, G || ≈ 0.03 a.u. for ThF
is an order of magnitude larger [33, 35] . The present finding is reasonable because there is no electronic state available in TaO + within an energy window of more than 10000 cm −1 allowed to mix with 3 ∆ 1 via second-order spin-orbit interaction selection rules, see Tables II and IV . Due to this small mixing G || is close to g s − 2. This situation is qualitatively different in the ThF + system [20] .
A consistent trend is observed for the parallel magnetic hyperfine constants when comparing TaO + with three other molecular EDM candidates. On the absolute, A || for 229 Th increases by about 45% from ThO [11] to the isoelectronic ion with the heavier partner nucleus, ThF + [20] . Likewise, the replacement of the nitrogen by an oxygen nucleus on the neighboring atom increases A || for 229 Ta by about 54%. A corresponding measurement would reveal how well the spin density close to the heavy nucleus is described by the present molecular wavefunctions which in turn would yield information on the accuracy of the presented P, T -odd interaction constants.
Finally, the center-of-mass molecular static electric dipole moment in TaO + ( 
CONCLUSION
In the present work a new molecular ionic system is proposed as a candidate for the detection of an EDM signal. TaO + provides all the advantages of molecules in 3 ∆ 1 states exploited in leading EDM experiments [8, 36] and may be used for probing (CP)-violation beyond the standard model in both the lepton and the hadron sectors. The obtained P, T -odd molecular enhancements are smaller than the ones in the ThO and the isoelectronic TaN systems, but this disadvantage may be overcompensated by the fact that the 3 ∆ 1 state is the electronic ground state of TaO + , allowing for an in principle infinite measurement time. The only other paramagnetic molecule currently considered for EDM experiments which has a 3 ∆ 1 ground state is ThF + [20, 37] . However, TaO + only has a factor of 2-3 smaller P, T -odd constants but an order of magnitude smaller magnetic moment in 3 ∆ 1 than the latter. In reference [16] the TaN system has been graded as "especially promising". Given the present findings, the isoelectronic TaO + system is even more so. The Agence Nationale de la Recherche (ANR) through grant no. ANR-BS04-13-0010-01, project "EDMeDM", is thanked for financial support. Moreover, I wish to thank David DeMille (Yale) for an inspiring discussion.
